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Abstract  17 

Published studies have shown that methane yield (g CH4/kg dry matter (DM)) from 18 

sheep is positively correlated with the size (volume and surface area) of the reticulo-19 

rumen (RR) and the weight of its contents. However, the relationship between 20 

methane yield and RR shape has not been investigated. In this work, shape analysis 21 

has been performed on a dataset of computerised tomography (CT) scans of the RR 22 

from sheep having high and low methane yields (n=20 and n=17 respectively). The 23 

three-dimensional geometries of the RRs were reconstructed from segmented scan 24 

data and split into three anatomical regions. An iterative fitting technique combining 25 

radial basis functions and principal component (PC) fitting was used to create a set of 26 
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consistent landmarks which were then used as variables in a PC analysis to identify 27 

shape variation within the data. Significant size differences were detected for regions 28 

corresponding to the dorsal and ventral compartments between sheep with high and 29 

low CH4 yields. When the analysis was repeated after scaling the geometries to 30 

remove the effect of size, there was no significant shape variation correlating with 31 

CH4 yield. The results have demonstrated the feasibility of CT based computational 32 

shape determination for studying the morphological characteristics of the RR and 33 

indicate that size, but not shape, correlates with methane yield in sheep.  34 

 35 

Keywords: Reticulo-rumen, Shape Analysis, Methane Yield, Statistical Shape 36 

Modelling, Principal Component Analysis. 37 

 38 

Implications  39 

Research has shown that there is a link between reticulo-rumen size of sheep and 40 

the amount of methane produced from the same amount of feed eaten. However, it is 41 

not known if the shape of the rumen differs between individuals. This study describes 42 

the application of computational techniques for the analysis and comparison of 43 

complex geometries in conjunction with images from computed tomography (CT) to 44 

determine morphological (shape) characteristics of the rumen. In contrast to previous 45 

studies of rumen morphology, this approach provides information on both size-46 

dependent and size-independent characteristics. 47 

 48 

Introduction  49 

The reticulo-rumen (RR) is the first compartment in the digestive system of 50 

ruminants. Although it performs a similar function in a range of species, breeds and 51 



 
 

individuals, its morphological features – e.g. the total size/capacity of the organ, the 52 

relative volume of its compartments, papillation patterns and motility vary widely, for 53 

example between concentrate selectors and roughage eaters (Hofmann, 1989; 54 

Clauss et al., 2009). These differences are thought to be evolutionary adaptations to 55 

differences in the physical characteristics and chemical composition of feed, affecting 56 

functions such as retention times, stratification of RR contents (separation into solid, 57 

fluid and gas fractions) and fluid passage rates (Clauss et al., 2010a and 2010b). 58 

Variations in morphology have also been linked to variation in function, for example, 59 

in relation to susceptibility to legume bloat (Waghorn and Reid, 1984). 60 

 61 

The RR is a complex multi-compartmental organ that consists of six sacs separated 62 

by tissue folds and muscular pillars (Figure 1) that help to hold the shape and enable 63 

contractions (Wyburn, 1979). The dorsal and ventral sacs are the largest 64 

compartments and contribute most of the RR volume.  Contractions of the caudo-65 

dorsal and caudo-ventral blind sacs drive digesta towards the cranial sac and the 66 

reticulum, while contractions of the reticulum (which can be considered as a separate 67 

organ) and the cranial sac drive digesta flow caudally (Waghorn et al., 1977). Digesta 68 

is a heterogeneous mixture of plant fragments, saliva and an anaerobic microflora, 69 

and its behaviour is dominated by mixing, floatation, sedimentation (Sutherland, 70 

1988). Contents can exit the RR through the reticulo-omasal orifice to the omasum 71 

(Sellers and Stevens, 1966; Wyburn, 1979).  72 
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 80 

Figure 1 Illustration of the reticulo-rumen internal geometry for sheep. A) reticulum, 81 

B) cranial sac/atrium, C) dorsal sac, D) caudo-dorsal blind sac, E) ventral sac, F) 82 

caudo-ventral blind sac. 1) oesophagus, 2) reticular groove, 3) reticulo-omasal 83 

orifice, 4) reticulo-rumen orifice, 5) left and right longitudinal pillars, 6) caudo-ventral 84 

pillar.  85 

 86 
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Shape analysis is a technique that is often used to quantify morphological and 88 

evolutionary variation of species (Wiley et al., 2005; Webster and Sheets, 2010). It 89 

has been used to investigate the effect of variables such as gender, age and disease 90 

on shape variations, such as for bones in humans (Zhang et al.,2013; Schneider et 91 

al., 2015) and can be used with non-morphometric variables in parsimony based 92 

cladistics studies to test evolutionary relationships between taxa in population models 93 

(Bogdanowicz et al., 2005; Rosenberger, 2011).  Shape analysis of RR 94 

compartments could identify differences between individuals that may affect digesta 95 

flow patterns and mixing, and thus influence passage of fluid (with small particulate 96 

and suspended/dissolved dry matter (DM)) from the RR, affecting digesta kinetics 97 

and methanogenesis.  98 

 99 

The procedures developed here were motivated by measurements showing a link 100 

between RR physiology and variation in methane (CH4) yield (g CH4/kg DM) between 101 

sheep fed the same diet. Such variation was largely explained by the organic matter 102 

fill and fractional outflow rate of particulate matter from the RR (Pinares et al., 2003). 103 

More recently, Hammond et al. (2014) and Pacheco et al.(2014) have associated 104 

increased intakes with reduced CH4 yields  and a faster passage through the RR 105 

(reduced residence time), sometimes in association with reduced digestibility 106 

(Pinares-Patino et al., 2011). Selection of sheep having divergent CH4 yield have 107 

established a heritability of 0.13 ± 0.03 (Pinares-Patino et al., 2013) and preliminary 108 

measurements have shown differences in the surface area, volume, and composition 109 

of digestive contents in the RR of sheep with divergent CH4 yields (Goopy et al., 110 

2013; Bain et al., 2014). However, there has been no corresponding study of shape 111 

variations between high and low CH4 yield animals. Shape variations may affect CH4 112 



 
 

yield by influencing outflow rate and mixing. For example the depth of the reticulum 113 

relative to its width and height may influence the size of digesta particles that are 114 

transferred through the ROO, due to the density sorting mechanics described by 115 

Clauss et al., (2010a), effecting residence time. It has also been suggested that low 116 

concentrations of hydrogen in the RR can lead to increased CH4 yield due to 117 

thermodynamic effects on fermentation reactions (Janssen 2010). Differences in the 118 

shape of RR compartments may alter the degree of mixing during RR contraction 119 

and lead to variations in hydrogen concentrations in the digesta. In this work, we 120 

developed methods to quantitatively assess RR shape and analysed RR imaging 121 

data from high and low CH4 yield sheep to determine if shape differences contribute 122 

to variation in CH4 yield. 123 

 124 

Shape is defined as the geometric information that remains when location, scale and 125 

rotational effects are removed (Kendall, 1977). Traditionally, shape analysis uses 126 

points or other elements (landmarks) that correspond to the same biological feature 127 

on different individuals or samples to characterise shape (Bookstein, 1985). The 128 

complex curvature of the RR surface and its deformable nature make it difficult to 129 

identify biological landmarks consistently across individuals. Therefore, an alternative 130 

approach was employed from statistical shape modelling (Heimann and Meinzer, 131 

2009), where a source shape is computationally deformed to match each RR in order 132 

to identify corresponding points on each individual. This approach minimises 133 

subjective selection by the user and maximizes repeatability allowing for the 134 

evaluation of shape variation between selection lines. The application of this method 135 

to the RR is novel and provides a consistent and quantitative approach for 136 

morphological analysis. The methods are developed and used to investigate if shape 137 



 
 

differences in sheep RR geometry are significant for animals known to differ in CH4 138 

yield. 139 

 140 

Material and methods  141 

The data set used in this research was obtained from 45 female sheep, aged 142 

approximately 2 years 10 months, located at AgResearch Invermay (Mosgiel, New 143 

Zealand. The study was carried out in strict accordance of the guidelines of the 1999 144 

New Zealand Animal Welfare Act and was approved by the AgResearch’s Invermay 145 

Animal Ethics committee (applications AE12206 and AE12963). The animals had 146 

been identified for divergence in CH4 yield (Bain et al., 2014) and Pinares-Patino et 147 

al., (2013) has described the overall selection process and estimation of heritability, 148 

based upon 1250 ewes aged 8-10 months  fed measured amounts of pelleted 149 

lucerne (Medicago sativa L) and screened in respiration chambers over several 150 

years. Forty five animals that had the highest CH4 yields (18.68 ± 1.04 g/kg DMI) and 151 

lowest yields (17.23± 1.21 g/kg DMI) when fed similar intakes of pellets, were 152 

retained and used for measurements of RR morphology. Furthermore, Pinares-153 

Patino et al, 2011b had shown that divergence in CH4 yield from sheep fed pellets 154 

was retained when they were fed fresh pasture. A preliminary analysis of the RR 155 

volume and digesta weights was presented by Bain et al., (2014). 156 

 157 

Computed tomography (CT) measurements (Siemens Somatom ARC, Siemens 158 

Medical System, Erlangen, Germany) were undertaken on the selected animals after 159 

grazing pasture ad libitum. Measurements were made on the 45 animals (21 with low 160 

CH4 yields and 24 with high CH4 yields) over 4 days and their BW (71.61±5.88 and 161 

75.25±7.74 (mean±SD) kg for the respective groups) recorded when removed from 162 



 
 

grazing at 0900h. The CT procedure involved sedation with Xylase20 (20 mg/mL), as 163 

an intra-muscular injection at 0.01-0.02 mg active ingredient (xylazine)/kg BW, and 164 

placement in a modified polyvinyl chloride cradle (400 mm diameter pipe) for 165 

scanning (Bain et al., 2014).  Animals were placed in a prone position with the hind 166 

legs extended caudally and forelegs folded under the chest. The RR scans were 167 

performed starting at the 6th  and 7th  thoracic vertebrae, through to the 6th  lumbar 168 

vertebrae. Images were taken at 15mm intervals with a 450mm field of view. The 169 

process took approximately 20 minutes per animal and the time elapsed between 170 

removal from pasture and scanning (time removed from pasture (TRP); 4.29±1.51 171 

and 4.95±1.78 hours for low and high yielding respectively) was recorded. 172 

 173 

Surface Reconstruction  174 

Animal data existed for measurements over two years, 2012 and 2013. The 2013 175 

scanning data was selected as the animal position was more consistent between 176 

scans. This group contained 39 of the original 45 animals. CT images consisted of a 177 

series of 2D transverse planes which were manually segmented using the software 178 

package Stradwin v5.3 (http://mi.eng.cam.ac.uk/-rwp/stradwin) and interpolated using 179 

marching tetrahedra (Treece et al., 1999). Slices that contained significant 180 

contractive motion of the RR were removed before surface interpolation. Animals that 181 

exhibited body motion during scanning were removed from the study (n=2), resulting 182 

in 20 reconstructed high CH4  yielding animals, and 17 low yield.  The RR surface 183 

consists of a series of tissue folds that separate the organ into various regions and 184 

compartments. These folds make it difficult to enforce point correspondence of the 185 

RR between different animals. Therefore, the RR was broken into three sections 186 

shown in Figure 2, comprising of the reticulum and cranial sac (anterior), dorsal sac  187 
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 193 

194 

Figure 2 Sectioning of the reticulo-rumen in sheep. Blue: the dorsal and caudal 195 

dorsal blind sac (dorsal). Green: the reticulum and cranial sac (anterior). Purple: the 196 

ventral and caudal ventral blind sac (ventral). 197 

 198 
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and caudal dorsal blind sac (dorsal), and the ventral and caudal ventral blind sac 200 

(ventral). This method also helps to remove the effects of local twisting that occurs 201 

along the length the RR due to the positioning of the animal during scanning. 202 

 203 

Landmarking.  204 

To create a series of meshes (connected points that form a geometric surface) with 205 

corresponding points or landmarks for shape analysis, an iterative scheme was used 206 

combining radial basis functions (RBF) and principal component (PC) fitting. The 207 

RBF method involves the deformation of a source mesh  to a target mesh via nearest 208 

neighbour searching, in which the closet target point for a given source point is 209 

found, and the mesh deformed to minimise this distance [Deng et al 2010]. PC fitting 210 

involves the deformation of a mean shape along a select number of principal 211 

components or shape axes to again minimise the nearest neighbour distance. PC 212 

fitting offers a more constrained fit than RBFs, but with less accuracy in matching 213 

topology. 214 

 215 

In the first step, a mesh was selected at random from the sample data set as the 216 

source and the points (roughly 20,000 from the surface reconstruction step) were 217 

fitted to all other meshes using RBF. The mean shape from this initial fit was then 218 

calculated and the process was repeated once with the mean shape as the source to 219 

improve the quality of fit.  220 

 221 

The second step involved an iterative combination of PC and RBF fitting. Principal 222 

component analysis (PCA) was carried out on the output from the previous step and 223 

the first 5 PCs were used to deform the mean shape to each of the sample meshes 224 



 
 

to provide an initial approximation. This was followed by a RBF fit to improve 225 

topological accuracy. A new mean shape and PCs were then calculated and the 226 

procedure repeated until a sufficient level of convergence was obtained. An example 227 

of the resulting point correspondence for the anterior region is shown in Figure 3.  228 

Procedures were performed using the open source python library GIAS2 (Geometry 229 

Image-Analysis Statistics) (Zhang et al., 2016). The quality of fit was determined from 230 

maximum and root mean squared (RMS) Hausdorff distance between the fitted and 231 

target surface. 232 
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 239 

240 

Figure 3 Example of point correspondence after iterative radial basis function and 241 

principal component fitting for the anterior section in the reticulum rumen in sheep. 242 

The middle subject is the mean shape that has been deformed to fit the two example 243 

subjects on its left and right. Physiological points have been manually identified as 244 

nodes on the mean shape and highlighted as spheres, corresponding by colour 245 

between meshes. 246 
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Statistical Analysis 249 

Principal component analysis (PCA) is a technique that can be used to reduce the 250 

dimensionality of data sets that depend on a large number of possibly correlated 251 

variables by identifying a smaller set of uncorrelated variables (principal components 252 

or PCs) that capture the essential features of the data (Zelditch 2004). Here PCA 253 

was used to describe the RR geometry information contained in the large number of 254 

landmarks with a smaller number of PCs or shape modes. General Procrustes 255 

alignment (GPA) was used to remove rotations, translations and scaling (normalising 256 

the vertex coordinates by centroid size) from the geometries. GPA and PCA 257 

operations were performed using the GIAS2 package. The sample geometries have 258 

a score associated with each PC, which can be used to reconstruct the shape as a 259 

weighted, linear combination of the components added to the mean.  260 

 261 

PCA produces as many PCs as the number of samples in the data set, not all of 262 

which hold meaningful shape information. Dimension reduction was performed using 263 

a broken stick method (Jackson, 1993; Cangelosi, 2007) to select the important PCs 264 

to be retained for statistical analysis in R. Univariate Welch two-sample t-tests were 265 

used to test significance between the retained PCs and for high and low CH4 yield. 266 

Logistic regression was then performed to investigate the effect of incorporating 267 

covariates (BW, TRP and day of scanning).  Only shape modes that are significant 268 

under both univariate and logistic regression (P<0.05) were deemed significant to the 269 

hypothesis.  The physical meaning of significant shape modes are interpreted by 270 

deforming the mean RR shape along the PC axis by two standard deviations for 271 

visualisation. 272 

 273 



 
 

Results  274 

Anterior region 275 

The mean shape of the anterior region of the RR was found to converge after 3 fitting 276 

iterations, with an average maximum and RMS fitting error of 2.4 ± 1.9mm and 277 

0.22 ± 0.17mm respectively. When size was included in the PCA, the first component 278 

contributed 44.7% of the total variation (Figure 4). When this component was 279 

inspected it was found to correspond to a size scaling of the anterior region.  A 280 

univariate t-test indicated no significant difference in PC score value between high 281 

and low methane yielding animals. When logistic regression was performed to 282 

include covariates, the anterior region size was still found to be insignificant. When 283 

size was removed from the data set, the first 5 PCs were deemed important for 284 

statistical analysis and were responsible for 63% of the shape variation shown in 285 

Figure 5. These shape modes consisted of changes in the relative sizes of the 286 

cranial sac and reticulum, as well as changes in anterior length and narrowing of the 287 

connection to the dorsal sac. A visual representation of the first 3 shape components 288 

can be seen in Figure 6.No significant difference was detected between any of the 289 

shape PCs between high and low methane yielding animals.  290 

 291 
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293 

Figure 4 Percentage variance when size is included in the principal component 294 

analysis of each segmented region; the anterior (red), ventral (blue), and dorsal 295 

(green) reticulo-rumen compartments in sheep. 296 

 297 
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299 

Figure 5 Percentage variance when size is removed from the principal component 300 

analysis of each segmented region; the anterior (red), ventral (blue), and dorsal 301 

(green) reticulo-rumen compartments in sheep. 302 
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 310 

311 

Figure 6 The size component (centre) of the anterior reticulo-rumen region in sheep 312 

overlaid on the mean shape (sold grey), and the first three shape components PC1 313 

(left), PC2 (top) and PC3 (right), which have been deformed by ± two standard 314 

deviations (σ).   315 



 
 

Dorsal region 316 

The mean shape of the dorsal region converged after 4 fitting iterations, with an 317 

average maximum and RMS fitting error of 1.8 ± 1.6mm and 0.27 ± 0.25mm 318 

respectively. The first PC, corresponding to the size of the dorsal region, contributed 319 

38.6% of the total sample variation shown in Figure 4. A univariate t-test indicated a 320 

significant difference (P=0.009) for this component between the low and high emitting 321 

groups. When logistic regression was performed to include covariates, the dorsal 322 

size was still deemed significant (P=0.012, R2=0.19). Interpreting the physical 323 

meaning of the size component, high emitters are found to have a negative mean 324 

score, which corresponds to increased size from the mean shape. Conversely, the 325 

low yielding group have a positive mean score corresponding to decreased size from 326 

the mean shape. An example of the size component can be seen in Figure 7. When 327 

size was removed from the dorsal samples the first four shape components were 328 

deemed important for statistical analysis and were responsible for 57% of the shape 329 

variation, as shown in Figure 5. Shape modes included elongation of the whole 330 

dorsal region, as well as relative size differences between the dorsal sac and the 331 

caudal dorsal blind sac. A visual representation of the first 3 shape components can 332 

be seen in Figure 7. No significant difference was detected for any of the mean PC 333 

scores for high and low methane yield. 334 

 335 

Ventral region 336 

The mean shape of the ventral region converged after 4 fitting iterations, with an 337 

average maximum and RMS fitting error of 2.4±1.5mm and 0.36 ± 0.32mm 338 

respectively. The size component of the ventral region contributed 34.3% of the total 339 

sample variation shown in Figure 4. A univariate t-test indicated a significant 340 



 
 

difference (P=0.0002) between the mean PC score for low and high emitting groups. 341 

When logistic regression was performed to include covariates, the ventral size was 342 

still deemed significant (P=0.002 R2=0.32). Interpreting the physical meaning of the 343 

component scores, high emitters were found to have a negative mean score 344 

corresponding to an increase in size from the mean shape, while low emitters have a 345 

positive mean score, a decrease in size from the mean shape, as shown in Figure 8. 346 

When size was removed from the samples and thresh-holding applied, the first four 347 

shape components were deemed important for statistical analysis and were 348 

responsible for 73% of the shape variation as shown in Figure 5. Shape modes 349 

included elongations of the caudal ventral blind sac, an increase in ventral sac 350 

depth/height, as well as the relative angle between the two compartments. A visual 351 

representation of the first 3 shape components can be seen in Figure 8. No 352 

significant difference was detected for any of shape scores for high and low methane 353 

yield. 354 
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363 

Figure 7 The size component (centre) of the dorsal reticulo-rumen region in sheep 364 

overlaid on the mean shape (sold grey), and the first three shape components PC1 365 

(left), PC2 (top) and PC3 (right), which have been deformed by ± two standard 366 

deviations (σ).  367 

 368 

  369 



 
 

 370 

 371 

 372 

 373 

 374 

375 

Figure 8 The size component (centre) of the ventral reticulo-rumen region in sheep 376 

overlaid on the mean shape (sold grey), and the first three shape components PC1 377 

(left), PC2 (top) and PC3 (right), which have been deformed by ± two standard 378 

deviations (σ).  379 

  380 



 
 

Discussion  381 

The PCA was first performed on the sample groups with size/volume included in the 382 

geometric information to determine if the method could detect size as a significant 383 

mode of variation and if a difference could be detected between high and low CH4 384 

yield groups, as found by Bain et al (2014) and Goopy (2014). Results showed that 385 

the mode with the largest contribution (PC1) for all three regions was indeed related 386 

to overall size. A univariate comparison indicated that the high CH4 group has a 387 

larger dorsal and ventral region than the low CH4 group (P=0.009 and 0.0002 388 

respectively), despite similar BW which may be related to the link between digesta 389 

residence times and CH4 emissions for a range of feeds previously reported 390 

(Pinares-Patiño et al., 2003; Hammond et al., 2014; Pacheco et al., 2014).  391 

 392 

While the size of the anterior region, corresponding to the reticulum and cranial sacs 393 

accounted for 45% of the total sample variation, no significant difference was 394 

detected between group means for high and low yielding animals. 395 

 396 

When the analysis was repeated after scaling the RR geometries to remove size, the 397 

first 4-5 shape components were found to contribute more than 50% of the total 398 

sample variation. While these modes represented physiologically meaningful shape 399 

differences, no significant difference could be detected between high and low CH4 400 

yielding animals for any of the three regions of interest. From these results, we 401 

conclude that RR size is correlated with methane yield, but we find no significant 402 

correlation between the shape of the RR, and methane yield. While shape 403 

differences account for a significant percentage of variation within the tested animals, 404 

we could not detect any systematic differences between the high and low methane 405 



 
 

yielding groups. It may be the case that true shape differences are difficult to detect 406 

due to the nature of the RR and confounding factors discussed below. 407 

 408 

Challenges in this procedure 409 

Determining the true shape of the RR is complicated by the highly deformable nature 410 

of the organ and its domination of the viscera in the abdominal cavity. As a 411 

consequence, it has considerable interactions with other internal structures, such as 412 

the spleen, omasum, abomasum, intestines, and abdominal wall. This means that the 413 

orientation and positioning of the animal in the CT scanner can cause significant 414 

distortions to the RR shape as well as local twisting of the organ, between the 415 

reticulum, rumen and blind sacs. In addition, internal gas pressure and digestive fill 416 

could have a significant influence on RR shape. These factors add noise to the PCA 417 

and may mask true differences in shape between high and low CH4 yield animals. 418 

While the methods used in this study attempted to address the issue of relative 419 

twisting between compartments of the RR, future work could include more pre-420 

processing of the imaging data to remove identifiable RR distortions.  421 

 422 

Other possible sources of error include scan quality and alignment of the geometries 423 

prior to PCA. The CT scans were performed with a 15mm slice plane interval; this 424 

can cause a loss of information when significant curvature occurs between slice 425 

planes, such as at the end of a compartment at the reticulum or caudal blind sacs. 426 

The distance between these slice planes, as well as the contrast quality used to 427 

define the interface between the tissue surface and the RR interior, can create 428 

reconstruction artefacts that are difficult to remove. 429 

 430 



 
 

Alignment operations performed on the reconstructed geometries (translation and 431 

rotation performed using GPA) also contribute to the overall noise. Each shape is 432 

scaled by centroid size and translated to share the same reference centroid position. 433 

Rigid body rotations are then performed to minimise the Procrustes distance between 434 

the different geometries. However, the shapes cannot be perfectly matched to each 435 

other and so the alignment of shapes is sensitive to the initial orientation, giving rise 436 

to an apparent shape difference.  437 

 438 

Summary 439 

We have adopted the techniques of statistical shape modelling to investigate RR 440 

morphology in sheep. The approach offers a method for comparing geometries that 441 

are complex in shape, and lack common physiological features for applying 442 

traditional landmarks via an automatic fitting process. This allows us to perform 443 

quantitative analysis of shape differences for the RR of sheep. Using these 444 

techniques, we have detected significant differences in size for the dorsal and ventral 445 

regions of the RR between high and low CH4 yielding sheep. When size was 446 

removed by scaling the geometries, our analysis detected no significant shape 447 

difference between high and low CH4 yield animals. This suggests that observed 448 

differences in outflow rates and residence times are independent of shape variations 449 

within the RR. 450 
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